ABSTRACT The nanomechanical response of supported lipid bilayers has been studied by force spectroscopy with atomic force microscopy. We have experimentally proved that the amount of ions present in the measuring system has a strong effect on the force needed to puncture a 1,2-dimyristoyl-sn-glycero-3-phosphocholine bilayer with an atomic force microscope tip, thus highlighting the role that monovalent cations (so far underestimated, e.g., Na 1 ) play upon membrane stability. The increase in the yield threshold force has been related to the increase in lateral interactions (higher phospholipid-phospholipid interaction, decrease in area per lipid) promoted by ions bound into the membrane. The same tendency has also been observed for other phosphatidylcholine bilayers, namely, 2-dilauroyl-sn-glycero-3-phosphocholine, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, and 1,2-dioleoyl-sn-3-phosphocholine, and also for phosphatidylethanolamine bilayers such as 1-palmitoyl-2-oleoyl-sn-3-phosphoethanolamine. Finally, this effect has been also tested on a natural lipid bilayer (Escherichia coli lipid extract), showing the same overall tendency. The kinetics of the process has also been studied, together with the role of water upon membrane stability and its effect on membrane nanomechanics. Finally, the effect of the chemical structure of the phospholipid molecule on the nanomechanical response of the membrane has also been discussed.
INTRODUCTION
The physical and chemical properties of biological membranes are crucial to understanding membrane functions. The main biological role of bilayers is to provide a barrier that divides electrolytic solutions into different compartments. Therefore, the effect of electrolytic solutions on membranes is of great importance and has generated wide research (1) . Besides, ion binding affects the stability of proteins and their process of binding to membranes (2) , and it is also mainly responsible for lipid vesicle fusion (3, 4) .
From an experimental point of view, many works, especially in the 1980s, have dealt with the quantification of membrane surface potential through the electrophoretic mobility of lipid membranes under solutions with different ionic strength, allowing the calculation of the z-potential value (5, 6) . More recently, contributions regarding infrared (2) and fluorescent techniques have also helped to shed light on this issue. Finally, recent molecular dynamics (MD) simulations have allowed us to understand the underlying processes from an atomistic point of view and have helped us to study the role that cations play upon membrane structure and stability (7) (8) (9) . Between the experimental macroscopic techniques and the theoretical atomistic approaches to this issue, atomic force microscopy (AFM) has proved to be a powerful technique that has allowed imaging of surfaces with subnanometric resolution. This technique has helped us to understand how supported planar lipid bilayers (SPBs) assemble and what the interaction forces are that act between vesicle and substrate surfaces and also between membrane surfaces, which is fundamental to efforts in chemistry, structural biology, and biophysics (10, 11) .
SPBs have been used as model membranes to study cellcell recognition in the immune system, adhesion of cells, phospholipid diffusion, protein binding to lipid ligands, and membrane insertion of proteins (12, 13) . By imaging lipid bilayers in aqueous media with AFM, both molecular structure and morphological aspects have been demonstrated (14) (15) (16) (17) . Besides, the force spectroscopy mode allows us to obtain valuable experimental information about the mechanics of the systems with nanometric and nanonewton resolution. In recent years, force spectroscopy has been applied to the study of nanomechanical properties of different systems including nanoindenting hard surfaces (18, 19) or cells (20) , studying the solvation forces near the surfaces (21, 22) , dealing with the interactions of chemically functionalized probes and surfaces (so-called chemical force microscopy) (23, 24) , or unfolding protein molecules (25, 26) . Thanks to these force measurements, valuable information can be obtained regarding phospholipid interaction forces such as those generated by either Derjaguin-Landau-VerweyOverbeek (DLVO) forces, hydration forces, or steric forces (27) . Recent contributions have dealt with membrane nanomechanics using force spectroscopy, especially regarding measurement of the elastic/plastic behavior of the bilayer as a function of its composition, or the interaction with chemically modified probes (16, 27, 28) .
Concerning the force curves on lipid bilayers, some authors have described jumps on the approaching curve, this breakthrough being interpreted as the penetration of the AFM tip through the lipid bilayer (29) . The force at which this jump in the force plot occurs is the maximum force the bilayer is able to withstand before breaking. Therefore, a quantitative measurement of the force at which the jump occurs can shed light on basic information concerning cell membrane nanomechanics as well as interaction forces between neighboring lipid molecules in the membrane. Some of the factors (variables) involved in membrane stability can be assessed through this jump in the force plot thanks to those force spectroscopy measurements. Likewise, the force at which this jump occurs can be regarded as a ''fingerprint'' of the bilayer stability under the experimental conditions in which the measurement is performed, just as force is the fingerprint for a protein to unfold or for a hard material surface to be indented. Controlling the involved variables can result in a better understanding of the regulating processes that nature can use to govern cell membrane interactions.
So far, the main reported variables for breakthrough dependence are 1), temperature (phase); 2), tip chemistry and phospholipid chemistry; and 3), tip approaching velocity. Concerning temperature, although there is much debate about whether the jump can be observed in both the gel and liquid phases or only in the gel phase, little is known experimentally about this dependence except for a report in a recent publication (30) in which it is posited that the breakthrough force decreases as the temperature increases. Regarding tip chemistry and phospholipid chemistry, it has been demonstrated that although hydrophilic tips yield a high material-dependent breakthrough force, hydrophobic tips give rise to a breakthrough force near the contact force (28) . Finally, the greater the tip approaching velocity, the higher the force at which the jump will occur (31, 32) . However, even though those parameters are now being studied, there are two fundamental issues that have not yet been elucidated: 1), the effect of phospholipid chemical structure; and 2), the effect of the ionic strength of the measuring media on the yield threshold value. Regarding the former, a first approach has been reported (27, 28) , but there are still some questions lacking answers: Is the polar head in the phospholipid molecule the element mainly responsible for the bilayer nanomechanics or does the hydrophobic tail also play an important role? And further, does the degree of insaturation also play a role in the compactness of the bilayer?
Concerning the issue of ionic strength, we know that electrostatic interactions govern structural and dynamical properties of many biological systems (33, 34) . In the case of phospholipid bilayers, the role of monovalent ions (e.g., Na 1 ) seems to have been so far underestimated, as theoretical simulations seem to predict. Indeed, MD simulations (9,35) suggest a strong interaction between sodium and calcium ions and the carbonyl oxygens of the lipids, which thus forms tight ion-lipid complexes, giving rise to a higher degree of membrane organization. Likewise, the lateral interaction between the phospholipid molecules increases, with the overall result of a more efficient packing (reduction of the area per lipid value) of the phospholipid structure. Since natural lipid membranes are composed of different phospholipid molecules in a wide range of concentrations, it is always difficult to assess the contribution of every type of phospholipid to the total nanomechanical response of the system. The role of ionic strength can be tested on all phospholipid systems, even though for the sake of simplicity, and to start with, we first dealt with model lipid membranes such as 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC), 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) deposited on mica. Later on, the study was extended to a phosphatidylethanolamine (PE) bilayer, and finally, the nanomechanical response of a natural lipid bilayer (Escherichia coli lipid extract) was studied.
The goal of this study is mainly to demonstrate an experimental, quantitative force spectroscopy detailed approach to understanding the nanomechanics of lipid bilayers and the forces involved in membrane deformation and failure in aqueous environment, especially dealing with the role of ionic strength on the nanomechanical response of the membrane. The discussion and interpretation of the results will be made in the framework of available data obtained through both theoretical calculations and experiments to correlate the changes in mechanical response of the system with the structural changes induced in the membrane upon ion binding considered from an atomic point of view. Additionally, we aim to perform a first approach to relate the chemical composition of the phospholipid molecule with its mechanical response.
MATERIALS AND METHODS

Sample preparation
DMPC (Sigma, St. Louis, MO) (.98%) was dissolved in chloroform/ ethanol (3:1) (Carlo Erba, Milan, Italy; analysis grade 99.9%) to give a final DMPC concentration of 2 mM. This dissolution was kept at ÿ10°C. A 500-ml aliquot was poured in a glass vial and the solvent was evaporated with a nitrogen flow, obtaining a DMPC film at the bottom of the vial. The solution was kept in a vacuum overnight to ensure the absence of organic solvent traces. Then, aqueous buffered solution at the correct ionic strength was added to achieve a final DMPC concentration of 500 mM containing 0 mM NaCl, 50 mM NaCl, 75 mM NaCl, 100 mM NaCl, and 150 mM NaCl 1 20 mM MgCl 2 , respectively. All solutions used in this work were set at pH 7.4 with 10 mM Hepes/NaOH. Because of the low solubility of DMPC in water, the vial was subjected to 30-s cycles of vortexing, temperature, and sonication until a homogeneous mixture was obtained. The solution was finally sonicated for 20 min (to have unilamellar liposomes) and allowed to settle overnight, always protected from light and maintained at 4°C. Before use, mica surfaces (Metafix, Madrid, Spain) were glued onto teflon discs with a water-insoluble mounting wax. Fifty microliters of DMPC dissolution at the specific NaCl concentration was applied to cover a 0.5-cm 2 freshly cleaved piece of mica for a deposition time of 35 min. After that, the mica was rinsed three times with 100 ml of the corresponding ionic aqueous solution. The process of vesicle formation and deposition for the rest of the phospholipid bilayers used in this work (DLPC, DPPC, 1-palmitoyl-2-oleoyl-sn-3-phosphoethanolamine (POPE), and 1,2-dioleoyl-sn-3-phosphocholine (DOPC), all from Sigma, .98%) is the same as that described for DMPC. In the case of DPPC, however, the temperature cycles for resuspension were set to ;50°C due to the higher T m for this phospholipid. E. coli lipid extract (nominally 67% phosphatidylethanolamine, 23.2% phosphatidylglycerol, and 9.8% cardiolipin), was purchased from Avanti Polar Lipids (Alabaster, AL). Basically, the polar lipid extract is the total lipid extract precipitated with acetone and then extracted with diethyl ether (36) . The process for vesicle formation is also the same as the one described for DMPC.
z-Potential measurements
z-Potential measurements were performed with a Zetamaster Particle Electrophoresis Analyser through which the velocity of the particles can be measured with a light-scattering technique by using the Doppler effect thanks to a pair of mutually coherent laser beams (5 mW, He-Ne laser at 633 nm). Zetamaster measures the autocorrelation function of the scattered light and after the signal processing it obtains the electrophoretic mobility and, finally, through the Henry equation, the z-potential.
AFM imaging
AFM images were acquired with a Dimension 3100 (Digital Instruments, Santa Barbara, CA) microscope controlled by a Nanoscope IV controller (Digital Instruments) in contact mode using V-shaped Si 3 N 4 cantilever tips (OMCL TR400PSA, Olympus, Tokyo, Japan). The applied force was controlled by acquiring force plots before and after every image was captured to measure the distance from the set point value.
Force spectroscopy
Force spectroscopy was performed with a Molecular Force Probe1-D, (Asylum Research, Santa Barbara, CA). Force plots were acquired using V-shaped Si 3 N 4 tips (OMCL TR400PSA, Olympus) with a nominal spring constant of 0.08 N/m. Individual spring constants were calibrated using the equipartition theorem (thermal noise)(37) after having correctly measured the piezo sensitivity (V/nm) by measuring it at high voltages after several minutes of performing force plots to avoid hysteresis. It should be pointed out that the results shown here for DMPC bilayers were obtained with the same cantilever keeping the spot laser at the same position on the lever to avoid changes in the spring constant calculation (38) . However, results have low scattering when using different tips and different samples; ;1300 curves over more than 15 positions were obtained for each sample. All force spectroscopy and AFM images were obtained at 20 6 0.5°C, which is below the main phase transition temperature (T m ) of DMPC (23.5°C). Besides, we have to consider here that T m for supported bilayers shifts to a higher temperature than observed in solution (39) . Therefore, we are indenting the gel phase for DMPC supported bilayers. Applied forces F are given by F ¼ k c 3 D where D is the cantilever deflection. The surface deformation is given as penetration (d), evaluated as d ¼ z -D, where z represents the piezo-scanner displacement.
Chemically modified AFM probe preparation
Commercially available gold-coated cantilevers (OMCL-TR400PB, Olympus) with nominal spring constant of k c ¼ 0.09 N/m were cleaned and placed into a 10 mM 16-mercaptohexadecanoic acid (Sigma) isopropanol solution and kept at 4°C overnight. Before use, tips were rinsed with isopropanol and distilled water. Sonication was briefly applied to remove thiol aggregates that might be adsorbed. The quality of the self-assembled monolayers was confirmed using contact angle measurements.
RESULTS AND DISCUSSION
DMPC model membrane
A first experimental approach to study ion adsorption on the membrane is the measurement of the liposome mobility in an electrophoretic field and likewise measuring the z-potential.
Although the z-potential does not directly yield the surface charge, but the charge at the point where the Stern layer and the diffuse layer meet (shear plane), it is considered to yield a significant approximation of the surface potential. Fig. 1 shows the evolution of the z-potential value of a DMPC unilamellar liposome solution as the ionic strength of the solution is increased. All concentrations refer only to NaCl addition, except for the last point in the graph, in which 20 mM MgCl 2 have been added to a 150-mM NaCl solution to mimic physiological concentrations. As the ionic strength increases, the net z-potential value increases, reflecting that indeed positive cations may adsorb on the surface of the polar head of the phospholipid molecule. It is widely accepted that most natural membranes are negatively charged because of the presence of variable quantities of negatively charged phospholipids, yielding surface charges on the order of ÿ0.05 C/m 2 (1). However, in this case, we have to take into account that even though phosphatidylcholine (PC) heads are zwitterionic and thus theoretically globally uncharged at neutral pH, it gives rise to a negative z-potential value (ÿ12.0 6 1.6 mV) in mQ water. This has been interpreted in terms of hydration layers formed around the surface (40) and to the orientation of lipid headgroups (6) .
The process of vesicle fusion to flat bilayer is assumed to be electrostatically governed, and it is assumed that surface free energy plays a key role (41) . Freshly cleaved mica is negatively charged upon a wide range of ionic strength (40) , so that according to Fig. 1 the higher the ionic strength, the higher and the faster will be the adhesion of DMPC liposomes to the mica surface. This process will be especially favored at high ionic strength, where the surface z-potential is positive (6.86 6 2.3 mV). The probable divalent cation preference for membrane binding may also help to reverse the obtained net z-potential value (from negative to positive values). Fig. 2 shows AFM contact mode images of DMPC bilayers as the ionic strength of the surface is increased, showing that the degree of surface coverage is strongly dependent on the amount of ions present in the system. Fig. 2 c in which, thanks to the surface defects, the bilayer height can be measured at ;4.5 nm.
A series of 500-mM DMPC solutions in Millipore water with different ionic strengths (0 mM, 50 mM, 75 mM, and 100 mM NaCl or 150 mM NaCl 1 20 mM MgCl 2 , all with 10 mM Hepes, pH 7.4) were deposited onto a freshly cleaved mica surface and mounted on a Molecular Force Probe1-D liquid cell.
Force curves (Fig. 3 ) exhibit a breakthrough feature (black arrows) in the approaching curve corresponding to the penetration of the bilayer by the tip apex and indicating that the lipid bilayer is not able to withstand the force exerted by the tip. Concerning the retracting curve we observe an adhesion peak, which corresponds to the adhesion between the silicon nitride tip and the surface. The width of the jump (;4.5 nm) corresponds to the height of the bilayer (cross section in Fig. 2 c.1). In Fig. 3 a, the breakthrough force (also called yield threshold) occurs at ;15 nN. This curve has been taken in a solution of 150 mM NaCl 1 20 mM MgCl 2 . In Fig. 3 b, the force plot was taken on a DMPC bilayer in distilled water and the yield threshold is found at ;2.2 nN, which is ;7 fold lower. Fig. 4 shows the histograms of the yield threshold force values ranging from 2.76 6 0.11 nN in pure water to 14.93 6 0.09 nN in buffered high ionic strength solution. Those histograms have been obtained taking only the successful indentation recordings (we call a successful recording the one that presents a breakthrough in the force plot). As we have already clearly seen in Fig. 2 , the higher the ionic strength, the higher the degree of coverage of the surface. Thus, the probability of a successful recording is higher as we increase the ionic strength of the solution. In the cases in which the bilayer presents uncovered regions (e.g., Fig. 2 , a and b), when an unsuccessful force plot occurs it means that we are attempting on an ''empty'' area, and we normally observe a typical silicon nitride-bare mica force plot. All histograms here shown belong to the same sample. However, maximum variations of 15-20% have been found between histograms in different experiments (e.g., different sample, different tip).
In Fig. 5 , a graph showing the yield threshold force versus the different ionic strengths is shown. Every point in the graph corresponds to the Gaussian center of the Gaussian fit to the data of the histograms shown in Fig. 4 . Clearly, the increase in ionic strength gives rise to an increase in the force required to puncture the bilayer. This dependence gives rise to a linear relationship between force and ionic strength (slope ;70 pN/mM). (To obtain this linear fit, the last point in the graph has been supposed as a first approximation to be 210 mM to account for the double charged Mg 21 effect.) Here we must point out that all experiments have been performed at the same indenting velocity (400 nm/s) so that the small effect of velocity on the breakthrough force would not impact the results.
It is important to point out that in a few cases a double jump in the force plots has been observed (Fig. 6 ). This double jump has been interpreted (42) as a second lipid bilayer that has been formed on the tip. Interestingly, we have only observed double jumps under high ionic strength conditions (;10% of the total force plots under 100 mM NaCl and ;15% of the total force plots under 150 mM NaCl 1 20 mM MgCl 2 buffered solution); they have never been observed under lower ionic strength concentrations. Due to the slightly negatively charged silicon nitride surface (ÿ0.032 C/m 2 at pH 7.0) (43), bilayer deposition onto the tip may be favored at high ionic strength in a process parallel to that observed for mica. Another experimental issue supporting this fact is that this second jump has never been observed when carboxyl chemically functionalized tips were used, even in the presence of high salt concentration, highlighting again the role of surface free energy upon bilayer deposition. These results are in agreement with those observed by Pera et al. (42) and Franz et al. (29) , which correlated the presence of the second jump with salt concentration. The force plot recordings where two jumps have been observed have not been taken into account for data statistics (Figs. 4 and 5).
To understand the nature of the sudden breakthrough (jump in the force plot), we have to take into account the interactions that arise between phospholipid molecules. Apart from hydrophobic interactions between neighboring tails, the PC head contains groups that are negatively charged (the oxygen of the phosphate group) and positively charged (the quaternary amine in the choline moiety). Two major classes of short-distance interactions occur between the PC headgroups. One is the formation of water cross-bridges between negatively charged groups in which a water molecule is simultaneously hydrogen-bonded to two PC molecules. Each DMPC molecule is bridged on average to 4.5 water molecules (44) . The second class involves charge associations (charge pairs) formed when the oppositely charged groups are located within 4 Å of one other. Recent MD simulations (45) found that 98% of DMPC molecules are linked via water bridges and/or choline-phosphate and/or choline-carbonyl charge pairs to form long-lived clusters giving rise to a huge network of interactions. In particular, 90% of all PC molecules are linked to each other through such charge pairs. This result suggests that headgroupheadgroup interactions greatly contribute to the stability of the membrane and that electrostatic interactions play a key role in membrane stability even though PC is a zwitterionic species at neutral pH. This electrostatic nature is in good agreement with the sudden jump in the indentation curve. In earlier works, we proved that ionic single crystals break layer by layer in discrete jumps because of electrostatic repulsions between ions in the lattice as the AFM penetrates the substrate (19) . Interestingly, the force at which an ionic single crystal breaks (;60 nN for a KBr single crystal) is of the same order of magnitude as that observed for a lipid bilayer. This fact alone may explain the shape of the breakthrough (brittle material), but cannot explain the increase of the force value at which this jump occurs in the presence of cations in the surrounding medium.
As we have observed, the z-potential value increases as the ionic strength is increased. To deal with the increase in surface charge upon cation binding we can calculate the surface charge related to the z-potential value obtained for each different ionic strength (Fig. 1) through the simplified Grahame equation for low potentials (46):
where s stands for the surface charge, k stands for the reciprocal of the Debye length, and c 0 stands for the surface potential. The surface charge values are ÿ2.12 3 10 ÿ3 C/m 2 at 25 mM ionic strength, ÿ1.30 3 10 ÿ4 C/m 2 at 100 mM ionic strength, and 6.89 3 10 ÿ3 C/m 2 at 150 mM NaCl 1 20 MgCl 2 . Those values are in agreement with those found in Marra and Israelachvili (47) . However, they are far too low to explain the high Na 1 and Mg 21 coordination numbers found upon MD simulations. The surface charge calculated through the Gouy-Chapman theory assumes that the interface between the membrane and aqueous solution is planar with zero width and that the charge on the membrane is homogeneously distributed on the membrane surface in a continuous way. This assumption has proved in MD simulations to be rather dramatic in the case of a membrane/ aqueous solution interface. Even in this case, simulations predict a surface potential similar to the obtained values through z-potential experimental measurements (Gouy-Chapman model) for distances .10 Å from the bilayer surface (8) . Therefore, the Gouy-Chapman model theory describes qualitatively well the membrane/solution interface for distances .1 nm away from the ''real'' membrane surface. The huge discrepancy between the potential values obtained through MD simulatons upon ion binding and through z-potential measurements may lie roughly within this nanometer interface. According to DLVO theory, using the above surface charge values, we can calculate the electrostatic interaction arising between the AFM tip and the bilayer as the tip approaches the bilayer by combining electrostatic and van der Waals forces:
where s DMPC and s tip are the surface charges for the DMPC bilayer and the tip, respectively, R tip is the radius of the tip, and l stands for the Debye length. H a is the Hamaker constant and z is the distance between the sample and the tip. Considering H a ¼ 10 ÿ21 J (47), s tip ¼ ÿ0.032 C/m 2 at pH 7.0 , and a mean area/molecule of 0.5 nm 2 (48) , and taking the obtained values for the surface charge at different ionic strengths, we can obtain the interaction force between the bilayer and the tip. Table 1 shows the results corresponding to the surface charges and the interaction forces at different ionic strengths using bare silicon nitride tips.
Silicon nitride tips were used to perform force spectroscopy experiments. At neutral pH, those tips are known to be slightly negatively charged, although there is a great variability between individual tips. As can be seen from Fig. 3 , no important repulsion or attraction (jump to contact) can be observed upon force plots performed with the low negatively charged Si 3 N 4 tips. Therefore, it seems that the breakthrough force cannot be (totally) explained in terms of electrostatic interaction between tip and sample. To have chemically controlled tips (negatively charged at neutral pH), and to address the question of to what extent electrostatic interactions can play a role in the membrane breakthrough, we have functionalized gold-coated AFM tips with 16-mercaptohexadecanoic acid (pK a ¼ 4.7), surface potential ;ÿ140 mV (23), and we have performed force plots in the sample in the absence of salt (z-potential ¼ ÿ12.0 6 1.6 mV, first experimental point in Fig. 1 ) and under high ionic strength (z-potential ¼ 6.86 6 2.3 mV, last experimental point in Fig. 1) . A slight repulsion is observed when both tip and surface are negatively charged (Fig. 7 a) and a small jump to contact (;220 pN) is seen when the tip is negatively charged and the surface is positively charged (Fig. 7 b) . The repulsion force is higher when the force plots are performed at basic pH values (pH 9-12, more negatively charged surface) and the jump to contact becomes greater at lower pH values (data not shown). The obtained results at pH 7.4 totally agree with the results predicted upon DLVO theory calculations for the interaction of a carboxyl-terminated tip and the bilayer surface at different ionic strengths (Table 1) . Briefly, in distilled water, the surface is negatively charged, and so is the tip. Therefore, the interaction force will be repulsive and it will be lower than 260 pN. In high ionic strength solution, the surface is positively charged, so the jump to contact is also predicted according to DLVO calculations. Likewise, here we have to point out the ability The terms l, s tip, , and s DMPC stand for the Debye length, the tip surface charge, and the bilayer surface charge, respectively, for both tips. of chemically modified tips to sense surface charges, even when they are of a few mC/m 2 . In any case, the repulsive forces are ,1 nN and thus in both curves the yield threshold point (arrow) clearly occurs at a much higher force than the electrostatic interaction force regime here presented.
Hydration and steric forces have been described as responsible for short-distance repulsion between two opposing lipid bilayers. Indeed, it is the force needed to remove the water molecules adsorbed on amphiphilic groups as both surfaces come into contact (46) . It has been shown that the role of water is extremely crucial to membrane stability. It is therefore quite straightforward to think that hydration force may play a role in membrane mechanical stability. Therefore, if water was replaced with, e.g., ethanol, the overall network created by the H-bonds would be partially disrupted and therefore one might expect that the yield threshold would be much lower (that is to say, lateral interactions between phospholipid molecules in the membrane would be reduced so that it would be easier for the tip to penetrate the membrane). Indeed, it has been reported that short-chain alkanol, such as ethanol, displaces water from the network with an overall effect of weakening lipid-lipid interactions by increasing headgroup spacing (higher area per lipid) (49) . To address the question of whether this decrease in lateral interactions has any effect on the nanomechanics of the system we have formed a DMPC bilayer under water and, once formed, replaced water with an EtOH/water solution (50:50%, x ethanol ¼ 0.72). Immediately after the solution was added, a clear decrease in the rupture force was observed down to ;0.5 nN, as shown in Fig. 8 . Interestingly, no membrane disruption was observed, since in 100% of the cases a jump (break) in the force plot was observed (if the membrane had been disrupted, the retracting curve of the force plot would have shown not a clear adhesion peak, indicating the sudden snap-off from the surface, but a continuous, nonreproducible feature that indicates that material is being pulled off the surface. In this case, when membrane is disrupted (for concentrations higher than 75:25%, ethanol/water), no jump in the extending force plot is observed since membrane is not packed enough). These results are in agreement with AFM images, in which membrane dissolution was not observed upon ethanol addition, and the only observed feature was the growing of small holes in the system, suggesting a less compact structure. Similar results have been obtained when the bilayer has been formed under high ionic strength. In this case, the yield threshold values both before and after ethanol addition were shifted to higher values on account of the cations present in the bilayer. It seems clear, then, that water plays a key role in membrane structure and that this fact has a direct effect on membrane mechanical deformation.
Hydration force has been reported (27) to extend to ;5 nN and cannot alone explain the force-distance curves acquired with AFM until the breakthrough point. This hydration force is short-ranged and follows the expression
where F 0 is the preexponential factor, z is the separation between the surfaces, and l is the hydration decay length. Typically, F 0 ¼ ;0.15-2 nN and l ¼ 0.2-0.35 nm for measurements performed with a surface force apparatus (46) and 2-5 greater for measurements performed by AFM between lipid bilayers and alkanethiol-functionalized probes (27) . Instead, a mechanical contribution accounting for the elastic deformation of the bilayer was needed to fully account for the force-distance shape of the curve until the plastic regime was achieved (27) . Molecular dynamics simulations have recently demonstrated (7, 9, 35) that the presence of cations (namely, Na 1 and Ca 21 ) in the phospholipid network would change drastically the structural and dynamical properties of the PC membranes. On average, every Na 1 cation binds to three carbonyl oxygens and to one to two water oxygens. Due to their threefold increased size as compared to single lipids, these complexes are less mobile. As a consequence, a decrease in the average area per lipid from 0.655 nm 2 to 0.606 nm 2 (.8%) is observed for POPC, giving rise to a more compact overall structure. Indeed, the difference in the area per group is also reflected by the ordering of the lipid hydrocarbon tails (7, 9) . A similar case applied to Ca 21 , each Ca 21 cation binding to 4.2 PC heads on average. The same MD simulations revealed that despite those significant changes, the profile of the total electric potential across the bilayer for distances .10-18 Å from the center of the bilayer is only slightly changed due to the close distribution of Cl ÿ counterions giving rise to a strong capacitor, and especially to the fact that water molecules reorient their dipoles near the membrane surface (distances ,10 Å ). It is well known that for distances less than this, water molecules do not exhibit bulk-like properties (8) . Overall, the total electric potential a nanometer away from the surface does not change as much as one would predict at first sight, and these results are in very good accordance with the (low) values obtained upon z-potential measurements, even when they demonstrated the same tendency to increase in value as the ionic strength is increased. Therefore, and according to those molecular dynamics simulations, the higher-order structure promoted by ions on the bilayer that give rise to a the reduction in average area per lipid (higher compactness) and to a more rigid structure (lower diffusion coefficient) may be the cause for the higher membrane stability experimentally observed through the nanomechanical response of the system obtained by force spectroscopy measurements. It seems then that rather than drastically increasing the electrostatic potential across the membrane (z direction) the introduction of ions in the membrane gives rise to a much higher lateral interaction within neighboring headgroups, with the overall result of a higher packing and compactness of the whole network composing the membrane. This increase in the lateral forces (closer distance between individual molecules) is probably the last responsible for membrane higher resistance upon breaking. This fact is in very good agreement with earlier results obtained for halide single crystal nanoindentation (19) , where we demonstrated both experimentally and theoretically that the yield threshold force value was dependent on the anion-cation distance in the lattice (a lower ion distance gave rise to a higher yield threshold force value, e.g., for NaCl compared to a compound, such as KBr, with higher ion-cation distance) in a single-crystal study of a series of alkali halides. To elucidate the role that those reported lateral interactions within the phospholipid network play upon membrane deformation we have applied a simple model that we proposed elsewhere (19) , which takes into account the lateral interactions while the surface is being deformed by an AFM tip. Those lateral interactions are modeled by the dynamics of the deforming surface as n coupled springs. According to this model, the dependence of the surface counterforce opposing the AFM tip penetration follows the expression
where k and d s stand for an effective spring constant equal to the Debye wavevector and the length at zero elongation, respectively. Fig. 9 shows the indentation plot of a DMPC bilayer measured in aqueous solution, 25 mM NaCl, pH 7.4, until the jump (onset of the plastic deformation) occurs. The elastic spring model (4) has been fitted to the experimental data after the first ;100 pN (electrostatic interaction) up to the yield threshold. The fit to the model is shown in Fig. 9 with a continuous shaded line. As is clear from the graph, the fit describes quite well the elastic deformation region of the indentation plot. This fit gives rise to a k value of 17.1 N/m and a d s value of 26.1 nm. The k value indicates the stiffness of the surface upon deformation, whereas the d s value indicates the whole perturbed length before breaking. Interestingly, this d s value is much higher than those found for alkali halide single crystals (d s ¼ 0.9 6 0.3 nm for NaCl) indicating that deformation is a cooperative process in which many molecules are involved in the membrane deformation before breaking (the deformed area being much greater than the contact radius itself). In the case of a solid alkali halide single crystal this plastic failure occurs because the charge repulsion within the lattice is so strong that the surface is not able to deform anymore, giving rise to a brittle failure in a fast layer-by-layer plastic deformation process. Besides, the ratio between the obtained k and d values gives rise to 337 MPa, which is a value similar to the reported reduced Young modulus for distearoylphosphatidylethanolamine (170 MPa). This ratio yields similar values to Young modulus values for ionic systems, but fails for nonionic (covalent) systems, suggesting that lipid bilayer deformation can be partially governed by electrostatic interactions. The simple spring model was used to describe elastic deformation of surfaces in the nanometer range after realizing that the Hertz model did not succeed in describing elastic deformation at this scale, which is not surprising since the Hertz model is a macroscopic model and its boundary conditions are not fulfilled upon indentation with an AFM tip and also since we must take into account that the substrate is relatively hard as compared to the organic layer (50) . For a paraboloid indenter, the Hertz equation yields
where E* stands for the reduced Young modulus. That the elastic regime of lipid bilayers cannot be described by the Hertz equation has been recently stressed (30) . A fit of the experimental data to the Hertz model is also included in Fig. 9 , taking R ¼ 31 nm (individually measured by imaging a silicon calibration grid, Micromasch, Ultrasharp, TGG01, silicon oxide), and letting E* be the free variable (dashed line). As can be easily seen, the Hertz model does not reproduce the experimental data, whereas the spring model can adjust the experimental data. Besides, an exponential-growth equation accounting for hydration forces (3) has been also applied, but the hydration decay length (l) yields an unrealistic value of 2.8 nm. If a decay length of 0.35 nm is fixed, the equation does not reproduce the experimental data at all. Therefore, a mechanical deformation component of the bilayer seems to be the factor responsible for most of the repulsive regime between the AFM tip and the lipid bilayer, at least after the first nanometer separation. Similar results were reported for distearoylphosphatidylethanolamine bilayers (27) .
Kinetics
The incorporation of ions into the PC headgroup can be finally proved to be a fully reversible process with relatively fast kinetics in the timescale of the experiment: a compact lipid bilayer was formed in the physiological solution (150 mM NaCl 1 20 mM MgCl 2 ), we measured the yield threshold value, and, once done, we replaced the solution with distilled water. The yield threshold decreased to a value of ;6.2 6 0.12 nN, increasing again to ;15.9 6 0.15 nN when water was replaced with the former solution (Fig. 10) . The waiting time from changing the solution and measuring was ;10 min in each case. In the same line, we studied the direct evolution of the yield threshold with time while changing the measuring solution by recording .3000 consecutive force plots in the same spot of the surface over more than 1 h (Fig. 11 ). Until about experiment 1200, the measuring solution was water. Then, water was removed and replaced with the former high ionic strength physiological solution. The yield threshold varied from ;3 nN to ;15 nN in ;15 min, and even though there is some scattering in the data after experiment 1750 (maybe on account of not totally homogeneous distribution of ions), a more or less stable value plateau was reached. Thus, taking into account the region between the two plateaus we can roughly assess that the kinetics of the system has a rate constant of ;0.7 nN/ min. This fact indicates that the process of binding cations is not an instant process. In any case, the kinetics of the process is experimentally measurable within the AFM timescale. So far we have proved that the ionic strength gives rise to a huge increase in the force needed by the AFM to penetrate the membrane for a DMPC bilayer. The next step is to assess whether this process takes place with other PC bilayers and also with bilayers composed of phospholipids with other zwitterionic heads.
PC bilayers: effect of ion-binding and phospholipid chemical structure
Dealing with PC bilayers, we have performed the same experiment with DLPC and DPPC, which only differ from DMPC in the number of ÿCH 2 groups in the fatty acid chain. Fig. 12 shows the histograms corresponding to the yield threshold value for a DLPC membrane measured in water (Fig. 12 a) and in high ionic strength physiological solution (Fig. 12 b) . The yield threshold value shifts from 3.78 6 0.04 nN in the case of water to 6.12 6 0.08 nN for high ionic strength physiological solution. Data for DMPC measured in water (Fig. 12 c) and in high ionic strength physiological solution (Fig. 12 d) are also included for the sake of comparison. Similarly, Fig. 12 , e and f, shows the histogram for DPPC measured in water and in high ionic strength physiological solution, respectively. Again in this case the effect of ionic strength (I) is clear, since the breakthrough force is 7.02 6 0.06 nN when measured in water solution and 20.31 6 0.29 nN when measured at high ionic strength. Fig. 12 h shows the change in z-potential value as the ionic strength of the medium is increased from 0 mM (distilled water) to 100 mM NaCl for four different PC liposomes, namely DLPC, DMPC, DPPC, and DOPC. In all cases, the higher the ionic strength, the higher (less negative) the z-potential value, meaning that in all cases there is adsorption of monovalent cations in the membrane, which can be again easily correlated with the nanomechanics of the systems (Fig. 12, a-f) . In light of these results, in which phospholipids with the same headgroup (PC) and different chain length have been studied, the effect of the chemical structure of the phospholipid tail on the nanomechanical response of the bilayer can also be addressed. The comparison of the yield threshold force values obtained for the previous PC bilayers, i.e., DLPC (12:0), DMPC (14:0), and DPPC (16:0), where numbers in parentheses represent number of carbon atoms in the fatty acid chain per number of insaturations (Fig. 12, a-f) , are summarized in Fig. 12 i, where the relationship between the yield threshold force value and the number of carbon atoms present in the fatty acid of the phospholipid molecule composing the bilayer is shown. Dark squares stand for the measurements performed under high ionic strengths (Fig. 12, b, d , and f ) and white squares stand for the measurements performed in distilled water (Fig.  12, a, c, and e) . According to Fig. 12 i, the effect of ionic strength on the nanomechanics of the system is evident for the three PC phospholipids studied. However, this effect is especially outstanding in the case of DMPC and DPPC (yielding a yield threshold force value increment, DF y , between the measurements obtained under high ionic strength and those obtained under distilled water of ;11 nN in the case of DMPC and ;14 nN in the case of DPPC). This yield force value increment is smaller in the case of DLPC (DF y ¼ ;3 nN) . This result could be interpreted in terms of the phase in which the different phospholipids are present. Although DLPC (T M ¼ ÿ1°C) is in the liquid phase at 20°C, DMPC (T M ¼ 24°C) and DPPC (T M ¼ 42°C) are both in the gel phase at this temperature. Therefore, these results suggest that although ion binding has influence on both the gel phase and the liquid phase, it is in the gel phase that this effect is more enhanced. We have recently addressed the effect of temperature on the yield threshold value of lipid bilayers in a systematic study that corroborates these results (S. Garcia-Manyes, G. Oncins, and F. Sanz, unpublished). When comparing the nanomechanical response of the bilayer for the two phospholipids present in the gel phase (DMPC and DPPC) we realize that the longer the tail, the harder it is to puncture the membrane, yielding an increase of ;5 nN for every two extra ÿCH 2 groups present in the hydrophobic tail in the case of measurements performed under high ionic strength and an increase of ;4 nN in the case of measurements performed in distilled water. In this case, where phospholipids are in the same (gel) phase, these differences become a direct measurement of van der Waals interactions between phospholipid neighboring tails. Those results experimentally demonstrate that the length of the hydrophobic chains of the phospholipid molecules indeed have an influence on the nanomechanics of the system. A systematic study concerning the individual effect of the hydrophilic headgroup and the hydrophobic tail for different phospholipids, both charged and zwitterionic, all in the same phase, is an ongoing experiment in our laboratory. Finally, the role of the insaturations in the fatty acid has also been taken into account. We have studied the mechanical response of DOPC (18:1), in which, although the 18 carbon atoms in the chain may predict a higher yield threshold value than DPPC, the insaturation in the chain gives rise to a lower overall packing of the molecule (;30°tilting), clearly yielding a lower resistance to rupture than expected (Fig. 12 g) , although it is found in the liquid-like phase. The influence of the insaturation degree and also of the stereochemistry of the insaturation (whether this is in the cis or trans conformation) will also be interesting for future research in this area.
POPE bilayer
To check whether the effect of ion-binding on the mechanical response of the membrane found in PC bilayers is also observed in other zwitterionic phospholipid headgroups, such as PE, we have measured the yield threshold values with two different salt concentrations for a POPE bilayer. FIGURE 11 Evolution of the yield threshold force value with time in the same spot of the surface (ignoring drift) along an experiment in which water was replaced with high ionic strength solution (dotted line). Theh time was set to zero as high ionic strength solution was added. After ;15 min a more or less stable plateau is reached. The orange line is meant to guide the eye.
The same tendency observed with PC is observed with PE despite the different chemical structure of the head. At 50 mM NaCl the yield threshold takes place at 1.63 6 0.03 nN and increases to 3.43 6 0.04 nN when measured in a 100 mM NaCl solution. The low yield threshold values compared to those observed for PC phospholipids can be explained in terms of the chemical difference of the headgroup, the chain unsaturation, the phase in which POPE is found at 20°C, or a mixing of all three variables. Further work that will help to shed light on the role of every variable (headgroup effect, chain effect, and temperature effect) in the nanomechanics of lipid bilayers is an ongoing experiment in our laboratory. In any case, the role of ion-binding on PE bilayers seems to follow the same tendency observed for PC bilayers. Since cations seem to bind through the oxygen carbonyl of the phosphate, the observed tendency is then not surprising, and especially if we take into account that MD simulations have shown similar results for phospholipid heads other than PC, such as phosphatidylserine (51) , and also for a mixture of phospholipids (8) .
Natural E. coli bilayer After having studied the effect of ion binding on model lipid bilayers, the final issue is to check it on a natural lipid bilayer. To this end, we have performed the same experiment on an E. coli polar lipid extract (nominally 67% phosphatidylethanolamine, 23.2% phosphatidylglycerol, and 9.8% cardiolipin). In principle, and according to the fact that we have separately proved that both PC and PE membranes are punctured at a higher force as the ionic strength increases, the same result should be expected for this natural membrane extract. Fig. 13 , a-d, shows the histograms corresponding to the yield threshold values found for E. coli membrane, where the same trend is observed. Fig. 13 e shows a topographic image of the E. coli membrane, and in Fig. 13 f the yield threshold force versus ionic strength has been plotted, similar to Fig. 5 for the model membrane. Interestingly, the slope of the plot is ;6 pN/mM, a much lower value than that obtained for the model membrane. Similar results have been obtained for a natural lecithin plant membrane (S. GarciaManyes, G. Oncins, and F. Sanz, unpublished). This lower contribution of the added ions on the overall nanomechanical behavior of the system could be interpreted in terms of the complexity of the chemical composition of the system (different phospholipids) that would give rise to a lower packing of the system. However, although this effect is not as outstanding as it was for DMPC, the trend is clearly seen if we compare the histograms for distilled water (x ¼ 1.60 6 0.14 nN) with those obtained with high ionic strength (x ¼ 2.54 6 0.21 nN) (Fig. 13 g) . Histograms for intermediate ionic strengths lie in between, corresponding to the ionic strength concentrations shown in Fig. 13 , b and c.
CONCLUSIONS
We report on a detailed experimental quantitative force spectroscopy study on how ion binding affects model PC lipid membrane nanomechanics. We have experimentally proved that the higher the ionic strength, the higher the force that must be applied with the AFM tip to penetrate the bilayer. These results are in agreement with recent works that have demonstrated both experimentally and theoretically that cations (both monovalent, e.g., Na 1 , and divalent, e.g., Ca 21 ) penetrate the headgroups of phospholipid molecules, giving rise to a more packed phospholipid network and a higher phospholipidphospholipid lateral interaction. This increase in lateral interaction between neighboring molecules may be the cause for the extension of the elastic deformation region in the force plots before the plastic region begins (yield threshold force value). An elastic spring model that accounts for lateral interactions has been proved to fit the experimental deformation data. Moreover, we have extended this work to a natural lipid bilayer (E. coli lipid extract), and the same tendency was observed for the force needed to puncture the bilayer to increase with ionic strength. We provide proof that the binding process is fully reversible and we can estimate directly the kinetics of the membrane response through force spectroscopy measurements. In addition, preliminary results concerning the relationship between nanomechanical response and chemical composition of the hydrophobic tail have been shown. This work introduces a new investigation line dealing with the relationship between the experimental measurements regarding the nanomechanics of membranes in the nanometer/ nanonewton range and the atomic underlying processes. This is an interesting example of how small variations in chemical composition both in chemical structure and in the surrounding media can translate into considerable variations in the nanomechanical response of the membrane system.
